Photoinhibition is the light-induced reduction in photosynthetic efficiency and is usually associated with damage to the D1 photosystem II (PSII) reaction centre protein. This damage must either be repaired, through the PSII repair cycle, or prevented in the first place by nonphotochemical quenching (NPQ). Both NPQ and D1 repair contribute to light tolerance because they ensure the long-term maintenance of the highest quantum yield of PSII. However, the relative contribution of each of these processes is yet to be elucidated. The application of a pulse amplitude modulation fluorescence methodology, called protective NPQ, enabled us to evaluate of the protective effectiveness of the processes. Within this study, the contribution of NPQ and D1 repair to the photoprotective capacity of Arabidopsis thaliana was elucidated by using inhibitors and mutants known to affect each process. We conclude that NPQ contributes a greater amount to the maintenance of a high PSII yield than D1 repair under short periods of 
| INTRODUCTION
The sedentary lifestyle of plants combined with the fluctuating light environment they normally grow in necessitates mechanisms that can mitigate or repair damage to the photosynthetic machinery.
Photosystem II (PSII) is a large pigment-protein complex necessary for the light-dependent oxidation of water to molecular oxygen in cyanobacteria and chloroplasts. PSII is predominantly located in the stacked grana regions of chloroplasts, where it is organized in supercomplexes containing dimeric cores associated with light harvesting antenna (Boekema, van Roon, & Dekker, 1998; Danielsson et al., 2006; Theis & Schroda, 2016) . The D1/D2 heterodimer lies within the reaction centre (RC) of the core complex and is the site of primary photochemistry (Nanba & Satoh, 1987) . D1 is vital for photosynthesis as it constitutes the binding site to the oxygen evolving complex and Mn 4 Ca cluster; however, it is highly susceptible to photodamage (Telfer, Bishop, Phillips, & Barber, 1994; Vass, Styring, Hundal, Koivuniemi, & Aro, 1992) . Although the accessory pigments and components that form the antenna are highly efficient at absorbing light, the subsequent energy transfer and redox reactions in the RC are comparatively slower. This disparity can create a bottleneck leading to a build-up of excitation energy and the formation of reactive oxygen species (Aro, Virgin, & Andersson, 1993; Barber, 1995; Ohad, Kyle, & Arntzen, 1984) . This excess energy and resultant damage must be dealt with, either through dissipative processes to prevent energy accumulation or through the repair of damage to the photosynthetic machinery. Photoinhibition is the lightinduced reduction in the photosynthetic capacity of an organism and is often reflected by the permanent damage and closure of RCII (Powles, 1984) . Here, we use the term photoinactivation to describe the light-induced inactivation and therefore functional closure of RCs, including damage, which leads to a decrease in the yield of PSII (Φ PSII ; Murata, Allakhverdiev, & Nishiyama, 2012) . The susceptibility of a plant to photoinactivation depends upon multiple factors including life history (e.g., growing conditions), genetic adaption, and physiological status (Aro et al., 1993; Demmig-Adams, Cohu, Muller, & Adams, 2012) . A number of strategies exist in order to prevent or minimize photoinactivation (Ruban, 2009) , including the efficient to be modulated by the carotenoid zeaxanthin and the protein PSII subunit S (PsbS), which act as allosteric regulators to alter the structure of the membrane and antenna conformation in order to enhance the affinity for protons, thus facilitating q E formation and relaxation (Demmig, Winter, Kruger, & Czygan, 1987; Funk et al., 1995; Goral et al., 2012; Horton et al., 2005; Li et al., 2000; Li, Phippard, Pasari, & Niyogi, 2002; Noctor, Rees, Young, & Horton, 1991; Rees et al., 1992; Rees, Young, Noctor, Britton, & Horton, 1989; Ruban, 2012 Ruban, , 2016 Ruban & Horton, 1999; Sacharz, Giovagnetti, Ungerer, Mastroianni, & Ruban, 2017) . q Z is reliant upon the formation of zeaxanthin (Nilkens et al., 2010; Ruban, Young, & Horton, 1993) , and q I is associated with closure to RCs as well as slow photoprotective components of NPQ Jahns & Holzwarth, 2012; Krause, 1988; Matsubara & Chow, 2004; . The components of NPQ are often distinguished based on their speed of formation and relaxation; however, there is considerable overlap in these kinetics, and many features are present in more than one component (such as zeaxanthin formation and structural reorganization; Jahns & Holzwarth, 2012) . This may lead to ambiguous or misleading results when investigating their effective protective nature based on these features alone (Ruban & Murchie, 2012; .
Despite extensive research on photoprotective processes, there is no current consensus on the contribution of each to the light tolerance of PSII (Aro et al., 1993; Jahns & Holzwarth, 2012; Tyystjärvi, 2013) . Simultaneous assessment of all processes contributing to the photoprotection of RCII has been difficult due to the need for disruptive light treatments or invasive techniques (i.e., D1 protein quantification) in the estimation of photodamage (Aro et al., 1993; Greenberg et al., 1987; Tyystjärvi & Aro, 1996) . Pulse amplitude modulation (PAM) fluorometry has been key to photosynthesis research as any process effecting the Φ PSII can be observed as a change in the yield of chlorophyll fluorescence (for full reviews, see Genty, Briantais, & Baker, 1989; Maxwell & Johnson, 2000; Brooks & Niyogi, 2011; Murchie & Lawson, 2013) . However, until recently, it has been difficult to assess damage during light exposure due to the traditional parameters used to measure it. For example,
been the principally used as a parameter in fluorescence, which gives information on the maximum quantum yield of PSII photochemistry (Butler, 1978; Genty et al., 1992) . For this reason, a sustained decrease in F v /F m has often been equated to photodamage only, and the effects of altered structure/function of photosynthetic apparatus or the induction of sustained protective quenching was largely overlooked Adams & Demmig-Adams, 2004; Long, Humphries, & Falkowski, 1994; Maxwell & Johnson, 2000; Murchie & Lawson, 2013) . Furthermore, as NPQ effects
and RC closure manifests as a rise in F o (Demmig & Björkman, 1987; Oxborough & Baker, 1997) , it is difficult to determine these separate effects on F v /F m , which encompasses both F o and
Further, F v /F m requires long dark adaptation periods, the length of which can vary, leading to uncertainty over results (Ruban & Murchie, 2012; Ware, Dall'Osto, & Ruban, 2016) . Another traditionally used parameter is q I , but the rate of q I recovery due to damage is often comparable with the rate of recovery of protective NPQ (pNPQ) components such as q Z Adams & Demmig-Adams, 2004) . Therefore, as both photoinactivation/ photodamage and NPQ undermine the Φ PSII , it is often not possible to distinguish between each scenario using just the F v /F m parameter (Ruban & Murchie, 2012) .
The existence of multiple NPQ and repair pathway components acting over different time periods necessitated the development of an approach to test the in vivo photoprotective function. Ruban and Murchie (2012) developed a new protocol for the measurement of NPQ that can provide information of the protective effectiveness of processes occurring in the photosynthetic membrane in a relatively rapid, non-destructive way. The protocol entails a gradually increasing actinic light (AL) routine to track the relationship between Φ PSII , NPQ, and q P (the quantum coefficient of photochemical quenching) measured in the dark following light exposure (termed q Pd ; see Section 2 for the theory and Figure 1 for a representative fluorescence trace).
This parameter can be used to define pNPQ-the NPQ and corresponding preceding AL intensity treatment after which all RCs remain active (i.e., open) . This method provides a number of advantages over previous methods and allows a quantitative approach to define the relationship between photoinactivation and NPQ and their contribution to the decline in the Φ PSII . When RCs close, they cause an increase of fluorescence in the dark, and F o ′ will rise. This was clearly noticed by Demmig and Björkman (1987) and led to the development of the Oxborough and Baker (1997) formula, which predicts discrepancy between the actual F o ′ (F o ′ act. ) and the calculated F o ′ (F o ′ calc. ).
Therefore, q Pd provides a prompt marker of both initial and long-term photoinactivation as it reflects the true state of RCs enabling the tracking of the early signs of their loss of activity. Previously, the qP d parameter has been found in a linear correlation with the rate of oxygen evolution following the onset of the photoinactivation of PSII . It differs from the previously mentioned q I and F v /F m parameters as they rely on F m , which is affected mainly by NPQ. Also, and most importantly, the D1 degradation kinetics do not follow the RCII photoinactivation kinetics that is actually tracked by the q Pd parameter. Previous work has shown that short timescales (~30 min) of constant high light (2,000 μmol m −2 s −1 ) are not sufficient to lead to a significant reduction in D1 protein content, despite a large reduction in q Pd due to the insufficient time available for removal of the damaged polypeptide (Aro et al., 1993; Tyystjärvi, 2013) . Thus, the contribution of the PSII repair cycle during short periods of illumination is unknown.
Previously, the pNPQ protocol has been used to study the contribution of photosystem I (PSI) fluorescence to NPQ ; the role of carotenoids and components of NPQ in light tolerance Tian, Ungerer, Zhang, & Ruban, 2017; Ware et al., 2016; Ware, Belgio, & Ruban, 2014) ; the variation in photoprotective capacity during ontogenesis (Carvalho, Ware, & Ruban, 2015) ; and the coupling of PSII antenna to RCII plus the and 60 days old that showed no sign of inflorescence.
| Theory
The Φ PSII is undermined by two processes: NPQ of chlorophyll a fluorescence and the photodamage of RCII.
F v /F m is the maximum photochemical quantum yield of PSII, which is calculated as (F m − F o )/F m , with F m and F o being the maximum and minimum yields of fluorescence, respectively. NPQ is calculated as (F m − F m ′) − 1. q Pd , the coefficient of photochemistry in the dark, is calculated as
where F o ′ act and F o ′ calc are the actual and calculated minimum levels of fluorescence in the dark after prior AL illumination. F o ′ calc is quantified according to the formula of Oxborough and Baker (1997) : Figure 1 shows a representative fluorescence trace for the pNPQ procedure performed on a WT Col-0 leaf (see Section 2 for full details).
Eight increasing AL intensities were used in each measurement, thus representing the dynamics of a sunrise irradiance. Under low light intensities, the F o ′ calc matches F o ′ act , however under high light intensities, to two F o ′ values diverge ( Figure 1b ). This is due to the rise in minimum fluorescence caused by the photoinduced permanent closure of RCII. This causes F o ′ calc < F o ′ act and q Pd < 1.00, and at this point, the leaf is considered to be photodamaged. Due to natural variation, we FIGURE 1 Scheme of induction of chlorophyll fluorescence from a wild-type Col-0 plant with an eight-step actinic light (AL) routine. For a detailed explanation of the routine development, see Ruban and Belgio (2014) After this time, leaves were removed from cotton and the pNPQ assessment procedure applied using AL intensities as above. A constant high light procedure was also developed following the same scheme as the increasing AL routine, but all eight steps were set to 2,100 μmol m −2 s −1 . For the constant light routine, vacuum infiltration was used (as opposed to soaked cotton wool) due to the risk of wilting under high light conditions and sorbitol was omitted from buffers. In order to evaluate whether the chloroplasts preparation or leaf infiltration effects the function of the system, the F v /F m values for WT Col-0 chloroplasts, control infiltrated leaves, and intact leaves were compared. There was no significant difference between the F v /F m between the three experimental methods (nonpooled variance two-sample t test; Figure S1 ).
| Chlorophyll fluorescence induction
Chlorophyll during the course of actinic illumination (F m ′) and in the subsequent dark relaxation periods was determined using a 0.8-s saturating light pulse (4,000 μmol m −2 s −1 ). An SP was applied 10 s after the end of the light exposure to measure q Pd and after the 15-min dark period to measure q I and F v /F m . We defined the quantum yield of PSII (
lowing 10 s of dark, and q I as the NPQ following 15-min dark relaxation, where F s is the steady-state fluorescence level.
| Three-hour light treatment and Western blots
In order to see how the decline in q Pd can equate to the amount of photodamage, a longer term light treatment was carried out. Leaves were exposed to 2,200 μmol m −2 s −1 for 3 hr and the q Pd monitored every 10 min following 10 s of FR illumination. After 3 hr, the leaves were immediately frozen in liquid nitrogen for Western blot analysis.
Unstacked thylakoids were isolated from 10 g of leaf mass as previously described with the modification that MgCl 2 was omitted from all the buffers. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis was carried out essentially according to Laemmli (1970) including 6 M urea in both the stacking and resolving gels. Solubilized thylakoids (1 μg of Chl) were separated on a 12%
(w/v) acrylamide gel and blotted onto a nitrocellulose membrane (GE Healthcare, UK). The proteins were incubated overnight at 4°C with antibodies raised against D1 (see Bailey et al., 2002) . Protein quantification was carried out using ImageJ (National Institutes of Health, Bethesda, MD). The q Pd and relative band density following 3-hr illumination is given in Figure S2 .
3 | RESULTS 3.1 | Quantifying light tolerance of chloroplasts treated with effectors of D1 repair or NPQ Intact chloroplasts provide a useful system for studying the effects of NPQ and PSII repair on light tolerance as they exclude the possibility for chloroplast movement within leaves to influence tolerance (Kasahara et al., 2002) . Furthermore, they allow the infiltration of effectors such as lincomycin, uncouplers, and DAD. Lincomycin is an antibiotic and a specific inhibitor of chloroplast translation (Järvi et al., 2015; Tyystjärvi & Aro, 1996) . Here, it was used to block D1 synthesis and thus prevent repair of damaged PSII following light exposure; therefore, any tolerance present can be attributed solely to NPQ. NH 4 Cl acts as an uncoupler and can be used to eliminate the proton gradient of thylakoid membranes, critical for the formation of NPQ (Krogmann, Jagendorf, & Avron, 1959; Walters & Horton, 1991) . Thus, any tolerance present in the presence of the uncoupler can be attributed to D1 repair. For chloroplast experiments, NH 4 Cl was used as it is readily dissolved in aqueous solution thus is more suitable than ethanol-based uncouplers in intact chloroplast suspensions. In comparison, DAD can be used to stimulate artificial cyclic electron flow around PSI, and thus increase the pH gradient and enhance NPQ Rees, Noctor, & Horton, 1990 ).
Application of a gradually increasing AL routine results in a rise in NPQ and the gradual onset of the photoinactivation and photodamage to RCII (Figure 1 ; Ware et al., 2014; Ware et al., 2016; Ware, Giovagnetti, Belgio, & Ruban, 2015) . The latter can be quantified as a divergence in F o ′ act and The extent of photoinactivation at the end of the increasing AL routine can be inferred from the value of q Pd , as q Pd is a quantum coefficient that represents the total amount of RCII exposed to the AL, and is expressed as a value between 0 and 1.00 (Figure 2c) Figure 2c ). This lead to a higher phototolerance under enhanced NPQ conditions (Figure 2b ).
Similarly, impaired NPQ (e.g., NH 4 Cl treatment) significantly increased photoinactivation relative to WT (Figure 2c ; t test, p < .05) with a 43% decrease in q Pd relative to WT. Contrary to this, q Pd was only decreased by~6.6% in WT lincomycin-treated chloroplasts, relative to the WT control, suggesting that NPQ contributes a greater amount to phototolerance than D1 repair during short periods of illumination in chloroplasts.
3.2 | Quantifying light tolerance in leaves infiltrated with effectors to block D1 synthesis or NPQ
Although intact chloroplasts provide a useful system for the infiltration of effectors and the study of photoprotective processes, the full activity of chloroplasts could be impaired during isolation or storage. Therefore, to further investigate the effect of impaired NPQ and D1 repair on light tolerance, infiltration of detached leaves was carried out. For the impaired NPQ treatment, the uncoupler nigericin was used as it is more effective for leaf infiltration than the hydrophilic NH 4 Cl (Johnson & Ruban, 2014; Takahashi, Milward, Fan, Chow, & Badger, 2009; Ware et al., 2014; Ware, Giovagnetti, et al., 2015) . In order to test the contribution of D1 repair to light tolerance under enhanced NPQ conditions (as in DAD-treated chloroplasts), infiltration was also performed on L17 leaves, plants overexpressing the PsbS protein. Previous studies have shown that the approximate fivefold enhancement of PsbS in L17
can lead to up to twofold increase in NPQ capacity (Crouchman, Ruban, & Horton, 2006; Li et al., 2002) . The AL intensity causing 50% photoinactivation and the q Pd value at the end of the procedure show a similar pattern to that seen for the chloroplasts (Figure 3a,b) Ware et al., 2014) . This could be due to the altered transmission of light through an infiltrated leaf, which can increase the effective light intensity. Under control NPQ conditions (i.e., WT infiltrated leaves), I 50% was reduced by 13% and 90% following lincomycin and nigericin infiltration, respectively, relative to control infiltrated leaves, and q Pd at the end of the routine was reduced by 5% and 46%, respectively.
The disparity in the tolerance between lincomycin and nigericin infiltrated WT leaves suggests again that NPQ contributes a greater amount to phototolerance than D1 repair during the~40 min of illumination.
FIGURE 3 (a) The light intensity that caused photoinactivation in 50% of infiltrated leaves (I 50% ). Wild-type (WT) Col-0 or L17 leaves were removed leaving a long petiole. The leaf was tightly wrapped in cotton wool, which was soaked in buffer (0.3 M sorbitol, 20 mM HEPES) and where stated lincomycin (1 mM) or nigericin (1 mM) and aluminium foil for 45 min. After this time, leaves were removed from the cotton wool and the pNPQ assessment procedure (Figure 1a ) applied using actinic light intensities of 126, 266, 399, 588, 875, 1,148, 1,610, and 2,100 μmol m −2 s −1 on the Junior-PAM (Walz, Effeltrich, Germany).
Error bars represent the scanning electron microscopy (SEM; n = 5). Different letters correspond to significantly different results (t test, p < .05). (b) The average q Pd value at the end of the fluorescence routine for infiltrated leaves. Error bars represent the SEM (n = 5). Different letters correspond to significantly different results (t test, p < .05)
In order to study the contribution of NPQ and D1 repair to photoprotection under different light conditions, measurements were repeated using the same procedure but with all eight illumination steps at 2,100 μmol m −2 s −1 (see Section 2; Ware et al., 2014) . A constant, high light procedure enables analysis of photoprotective capacity under situations where NPQ is not able to form fully, and enables the kinetics of q Pd decline, and thus the onset of photoinactivation and eventual photodamage to be studied. 
| Quantifying light tolerance in intact leaves of plants with impaired D1 cleavage or enhanced NPQ
To prevent unwanted effects on photosynthetic machinery caused by chemical stimulators or the infiltration process (e.g., Fiekers, Marshal, & Parsons, 1979; Prior et al., 1990) , we used attached leaves of the A. thaliana mutants var2-2 and L17. The var2-2 plants lack a homolog of FtsH-a zinc metalloprotease required for the efficient repair of D1 at the stage of protein degradation (Bailey et al., 2002; Nixon et al., 2005) . Therefore, these plants can be used to study impaired D1 repair (var2-2) and extra NPQ (L17) on photoprotection in a stable, in vivo system. In order to increase the AL intensities used for measurement and collect a more representative spread of data in case of greater variation, the AL was adjusted in the advanced settings of the Junior-PAM to achieve 83.3% and 66.7% of the values (for a detailed description, see .
In accordance with the chloroplast and infiltrated leaf data, the enhanced NPQ condition, here the L17 plants, exhibited the significantly highest phototolerance with 50% photoinactivation occurring at 998 μmol m −2 s −1 (t test, p < .05; Figure 5a ). This is followed by WT Col-0 at 721 μmol m −2 s −1 and finally var2-2 at 592 μmol m −2 s −1 . This same pattern was also reflected in the q Pd value at the end of the routine, which is significantly lower in var2-2 plants but not significantly different between L17 and WT (t test, p < .05; Figure 5b ). This enhanced tolerance in the L17 plants can be attributed to the higher NPQ, which is almost 50% greater relative to WT Col-0 and var2-2 plants at 2,100 μmol m −2 s −1 (Figure 5c ).
Interestingly, there is no significant difference in the average NPQ value at 2,100 μmol m −2 s −1 between WT Col-0 and var2-2 plants (Figure 5c ; t test, p < .05). Taken together with the significant should not induce photodamage. An SP was applied 10 s after the end of the light treatment in order to measure q Pd , and another pulse was applied after 15-min dark relaxation. At this point, it is expected that the faster acting components of NPQ (namely, q E and q T ) will have relaxed and thus remaining NPQ can approximately be attributed to q I (Adams et al., 1990; Adams et al., 2006; Demmig & Winter, 1988; Horton & Hague, 1988; Jahns & Holzwarth, 2012; . Values of q Pd , F v /F m and q I are given in Figure 6b plants (q Pd~1 .00). This is expected based on pNPQ procedure and associated light tolerance curves, which indicate that the majority of FIGURE 5 (a) The light intensity which caused photoinactivation in 50% of leaves for wild-type (WT) Col-0, var2-2, and L17 calculated using the fluorescence routine presented in Figure 1a on the Junior-PAM (Walz, Effeltrich, Germany) using actinic light intensities 126, 266, 399, 588, 875, 1, 148, 1, 610 , and 2,100 μmol m −2 s −1
. A total of 83.3% and 66.7% of these intensities were also used by altering the settings in the Walz program. Ten repeats were performed at each light intensity. Leaves were considered photoinactivated when q Pd < 0.98. Error bars represent the scanning electron microscopy (SEM; n = 10). Different letters correspond to significantly different results (t test, p < .05). (b) The average q Pd value at the end of the fluorescence routine. Error bars represent the SEM (n = 5). Different letters correspond to significantly different results (t test, p < .05) for 30 min prior to 15-min dark relaxation. Error bars represent scanning electron microscopy (SEM; n = 5). A saturating pulse was applied 10 s after the end of the light exposure to measure q Pd and after the 15-min dark period to measure q I and
RCs remain open >200 μmol m −2 s −1 (data not shown). However, there is still a considerable q I component remaining, which is greater in the WT plants relative to L17. Taken together, these two parameters suggest that photodamage (i.e., q I ) cannot be equated to photoinhibition, as the RCs remain fully open.
| DISCUSSION
Quantifying protective processes within the photosynthetic antenna has been a difficult task, often requiring lengthy disruptive biochemical techniques. However, a novel methodology utilizing the non-invasive photochemical fluorescence quenching coefficient in the dark (q Pd ) to assess the onset of the photoinactivation of RCIIs has recently been developed. Because FR light is promptly employed, AL treatments do not need to be interrupted to gauge the functionality of RCII . This technique allows the actual Φ PSII to be measured during a variety of light treatments and also quantifies how pNPQ is. Furthermore, the use of effectors and mutants allows pNPQ to be disentangled from the operation of the PSII repair cycle, thus enabling us to monitor function of PSII over different timescales.
4.1 | NPQ contributes more to phototolerance than D1 repair during short periods of illumination and 3a) . Lincomycin is known to block D1 repair, and thus, any phototolerance can be approximately be attributed to pNPQ (Belgio, Johnson, Jurić, & Ruban, 2012; Belgio, Ungerer, & Ruban, 2015) . Alternatively, the percentage difference between the I 50% value in the presence of an uncoupler (NH 4 Cl or nigericin) or in a mutation preventing the PSII repair cycle (var2-2) relative to WT can be approximately attributed to phototolerance resulting from D1 repair. Under WT NPQ conditions, an average of 17% phototolerance can be attributed to D1 repair and 83% to pNPQ ( Figure 7B ), during short periods of illumination. This is in agreement with the reduced q Pd value at the end of the AL routine in the uncoupler-treated WT or var2-2 plants relative to WT (Figures 2c, 3b , and 5b).
The contribution of D1 repair versus pNPQ to phototolerance can also be calculated under enhanced NPQ conditions (Figure 7a ). For chloroplasts, this can be calculated as the percentage difference between lincomycin-treated and WT chloroplasts in the presence of DAD (Figure 2b ). In leaves, this can be calculated as the percentage difference between lincomycin-treated L17 and control infiltrated L17 leaves (Figure 3a) . Under enhanced NPQ conditions, the contribution of D1 repair versus pNPQ becomes even more disparate, where on average only 13.5% can be attributed to D1 repair (Figure 7b ). This supports the important role of NPQ as a mechanism that lowers the effective light intensity, leading to the lowering of the rate of photoinactivation and photodamage. This shift is corroborated by previous work to study the photoinhibitory damage using NPQ-deficient mutants. Ware et al. (2014) ) were not sufficient to lead to a significant reduction in D1 protein content, despite a large reduction in q Pd . This is due to Figure 4b for infiltrated leaves. DAD = diaminodurene the insufficient time available for removal of the damaged polypeptide (Aro et al., 1993; Tyystjärvi, 2013) . It can therefore be expected that a longer illumination procedure would again shift the contribution of photoprotection more in favour of D1 repair, as it would allow sufficient time for the PSII repair cycle to be up-regulated. Such measurements are beyond the scope of this study but could, in future, indicate the long-term action of photoprotective processes. The integration of protective processes in the photosynthetic membrane means that altering a single process will also have effects on another.
For example, NPQ is involved in protecting the PSII repair machinery from oxidative damage, so any alteration to the NPQ process, either negative or positive (i.e., overexpression), will also effect the PSII repair cycle (Murata et al., 2012; Takahashi et al., 2009; Takahashi & Badger, 2011) . Conversely, use of lincomycin or the var2-2 mutant is also not completely specific to blocking the PSII repair cycle, although they have been used synonymously for this purpose in the past (e.g., Bailey et al., 2002; Tikkanen, Mekala, & Aro, 2014) . Further, the redundancy in protective processes means that knocking out one process will not necessarily negatively impact photoprotection as whole. However, although these treatments are not perfect for completely isolating each mechanism, the combination of treatments does give an approximate correlation to processes protecting the photosynthetic machinery and allow the relative contributions of each to be elucidated under different conditions. Taken together, the results presented in Indeed, the new system of separation of photodamage from photoprotection should become instrumental in the studies of the combination of stresses, such as light and temperature or light and water stress (Suzuki, Rivero, Shulaev, & Blumwald, 2014; Yamamoto, 2016) . These additional stressors or combination of stressors are likely to affect both the processes of D1 repair and pNPQ, including xanthophyll cycle activity, electron and proton transport, and the photosynthetic membrane protein phosphorylation, amongst others (Yamamoto, 2016) . Hence, the study of the contribution of these events to overall light tolerance will be the first step in understanding dynamic control of phototolerance in the context of synergistic interactions of the various stress factors.
4.2 | Photoinactivation, photodamage, and photoinhibition: The protective nature of sustained NPQ components
This work highlights the misleading nature of terms associated with damage to photosynthetic machinery and the need to distinguish between photoinactivation, photodamage, and photoinhibition, the latter of which encompasses both photodamage and sustained downregulation via slowly reversible NPQ. The classical experiment presented in Figure 5 shows that despite a large q I component, the was assumed to result only from damage to PSII (Quick & Stitt, 1989; Roháček, 2010; Walters & Horton, 1991) . However, evidence is increasing for the long-term protective role of sustained NPQ components (e.g., Adams et al., 2008; Demmig-Adams et al., 2012 .
For example, exposure of a deep shade acclimated plant or leaf to high light conditions leads to small initial amounts of NPQ and slow recovery of F v /F m following the return to darkness Demmig-Adams et al., 2012; Förster, Pogson, & Osmond, 2011) .
Although such features are often interpreted as photodamage, they have more recently thought to represent a sustained photoprotective state (Demmig-Adams et al., 2012) . Sustained NPQ is also seen in stress tolerant species, growing in unfavourable environments. Longterm retention of zeaxanthin (and antheraxanthin) in evergreen conifers has been postulated to enable season-long, sustained thermal dissipation, thought to provide photoprotection and survival during winter (see Adams et al., 2008 , and Demmig-Adams et al., 2012 and references within). The PSII repair cycle has also been proposed as a mechanism that enables active and tight regulation of photodamage, as opposed to a simple consequence of the need to restore function (Demmig-Adams et al., 2012; Järvi et al., 2015) .
Although the vulnerability of PSII was originally considered to be a fault in the photosynthetic machinery, it has recently been proposed as a means to limit photodamage to PSII and thus protect PSI that is not thought to have its own repair cycle (Järvi et al., 2015; Sonoike, 2011; Tikkanen et al., 2014) . The q I component reported in this study may therefore indicate the presence of long-term pNPQ components.
F v /F m and q I components are not redundant parameters; they can offer information on the Φ PSII . They do however fail to instantly discern between the permanently damaged and the temporarily inactivated components like the q Pd parameter does. Indeed, there are drawbacks and assumptions to using fluorescence (see Murchie & Lawson, 2013 for further details), but here, we make a case for the use of q Pd and pNPQ parameters as more reliable and informative fluorescence detection parameters. There are also limitations to the use of Western blots, namely, the delay between photodamage and D1 protein detection, the long treatments times required for a detectable decrease in D1 protein content, and the variability in protein quantification. Similar issues are also present for oxygen electrode measurements, such as the need to isolate chloroplasts and the instruments intricate set-up. The unique benefits of fluorescence measurements is the ability to use them for in vivo and in vitro studies, real-time in situ detection of photosynthetic performance, and the adaptability of devices for laboratory, underwater, and field measurements. Indeed, fluorescence analysis has shown here that small changes (±0.01%) in RCII inactivation can be detected within a much smaller timeframe and to a greater degree of accuracy than Western blot analysis.
Despite previous findings that D1 protein repair takes 1-2 hr, this work demonstrates that photoinactivation can occur within short-term timeframes (<45 min) and that PSII repair contributes to approximately 20% of Φ PSII . This novel result shows that PSII reactivation and repair is vitally important during short-term illumination, despite it being less important than pNPQ for maintaining Φ PSII . This work hopefully illustrates many of these benefits and encourages the use of q Pd and pNPQ parameters for users conducting fluorescence-based experiments.
Although the capacity and kinetics of NPQ can be highly diverse across lineages, with alternative components known to be present in algae and cyanobacteria, NPQ is essential and common to all photosynthetic organisms and it is likely that many features are conserved (Demmig-Adams et al., 2014; Derks, Schaven, & Bruce, 2015; Goss & Lepetit, 2015; . This means that measurements on a range of photosynthetic organisms could be used as a means to study NPQ and could further highlight the dynamic nature and the diversity in photoprotective mechanisms.
| CONCLUSIONS
Within this study, a PAM fluorescence methodology was used to assess the contribution of NPQ and D1 repair to photoprotection under short periods of illumination (~40 min). New fluorescence parameters q Pd and pNPQ provide a rapid and non-invasive method of assessing RCII functionality. This highlights the dynamic nature of processes governing light harvesting and energy utilization, with the balance between different processes dependent on the prevailing light conditions and the plant's capacity for NPQ. Although this study represents the first step in assessing the balance between processes ensuring light tolerance in higher plants, future studies are required to further assess contribution of pNPQ and D1 repair processes in different photosynthetic organisms and under more realistic (e.g., fluctuating) and longer term light treatments.
